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NOTICE:  When  goVeziiment;  or  other  dravlngs,  sfeci- 
flcations  or  other  data  are  used  for  any  purpose 
Other  than  In  connection  with  a  definitely  related 
government  procurement  operation,  the  U*  S. 
Government  thereby  incurs  no  responsibility,  nor  any 
obligation  Tdiatsoever)  and  the  fact  that  the  Govern¬ 
ment  may  have  foimulated,  fumieihed,  or  in  any  way 
supplied  the  said  drawings,  specifications,  or  other 
data  is  not  to  be  regarded  by  implication  or  other« 
wise  as  in  any  manner  licensing  the  holder  or  any 
other  person  or  corporation.  Or  conveying  any  rights 
or  permission  to  manufacture,  use  or  sell  any 
patented  invention  that  may  in  any  way  be  related 
thereto* 
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PREFAGIe: 

In  a  nueieaf  explosion  a*  Mjsh  alieitude>  isiie  distriibution 
Of  the  fission  products  from,  the  explosion  is  determined  iby  the 
interaetion  of  the  homh  dehris  iu  the  earth's  atmosphere  and  the 
earth's  magnetic  field.  One  model  for  this  InteraGtion  is  that  of 
magnetohydrOdynaMes .  However  >  the  corrections  for  the  individual 
ion  trajectories  in  the  magnetic  field  are  largej  The  effect  of 
these  GorrectlOns  on  a  magnetohydrodynamic  model  is  examined  herei 
The  author,  a • consultant  to  'The  RAND  Gorpoiatlon,  is  associated 
with  the  Los  Alamos  Laboratory < 


SUMMART 

A  Bet  of  liy(ir©dynamie-l.iyke  diflC^renbiaL  eicpiations  Is  derived 
for  the  motion  of  debris  and  air  ions  as  they  interact  through 
the  magnet  ic  fleid.  Mthough  tte  se  eipatlons  are  not  solved  in 
detail,  one  can  deduce  several  conclusions: 

(1)  At  early  times,  the  fraction  of  the  debris  aytxed 
with  the  magnetic  field  (and  hence  the  intensity 
of  the  $-ray  aurora)  is  firoj^rtional  to  the  cube 
of  the  time; 

(2)  the  outer  debris  ions  are  slfl^ly  bent  by  the  normal 
earth's  magnetic  field; 

(f)  air  ions  are  picked  up  essentially  when  the  debris 
has  moved  one  atri^ion  Larmor  radius « 


KO!EBS  ON  BEBRIS-^AIR-MA&KBJIO:  IMTERACTIDN 


Let:  n.  =  dienstty  of  electroriB 
e 

=  defisity  of  dfitris  Ions 
n  =  denSiity  of  air  ions 

el 

The  Coulomb  forces  are  vefy  stnongj  so  approximately. 


n  =  n^  +  n  *  (1) 

An  indication  of  the  strength  of  the  Coulomb  forces  is  ohtained 
by  co^aring  the  Debye  length  with  the  dimensions  of  the  problem^ 
Taking  an  electron  temperature  of  10  e*v.,  which  is  characteristic, 
we  find  the  Debye  length 


n^  e 
e 


6  X  10 

'  n , 

e 


i 
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Therefore  for  electron  densities  larger  than  IQ®  the  Debye  length 
is  very  short  con^jared  to  the  dimensions  of  the  problem*  idectron 


and  ion  charges  camnot  be  Separated  by  more  than  a  Debye  length. 

8 

The  various  Larmpr  radii,  assuming  a  velocity  of  2  x  10  om/sec 
and  B  =  1/5  gauss  are: 


electrons 


mvc 

eB 


=  55  cm 


air  ion  (0^)  =  10  km 

debris  ion  (M  =  100 )  =  60  taa  . 


(5) 


Sinfee  tiife  electron  LariMr  radius  is  very  sfeort  >  tMe  aj^roximatien 
ef  maguetoiiydrddynaadies  is  very  good  for  tiie  electrons  ^  Shis  means 


that  the  eieetrotts  and  magnetic  field  are  stucik  together*  The  ions, 
however,  in  the  earlier  stages  of  the  explosion,  are  almost  unaffect¬ 
ed  hy  the  mag^netic  field,  we  ihererore,  get  the  following  picture. 


rou^ly,  in  the  e^iier  stages. 


Radius 


Red i us 


(see  Fig  1.)'  At  some  time,  the  radius  of  the  dehris  ions.,  which  are 
essentially  coasting,,  is  R.  The  air  ions  have  not  yet  heen  picked 
up  because  R  is  considerably  lesS  than  an  air  ion  Larmor  radius. 

The  electrons,  which  have  very  little  rigidity,  accommodate  the 
total  ion  density.  The  magnetic  field,  which  is  very  weak,  is  siiiply 
carried  aLong  by  the  air  electrons.  The  radius  R^^  represents  the 
boundary  between  a  spherical  bubble,  containing  debris  electrons  and 
no  magnetic  field,  and  a  spherical  shell,  Gontaining  compressed  air 
electrons  and  magnetic  field.  The  magnetic  field  pattern  is  as 
shown  In  Fig  2, 


5^0  in^ojHieuai;  consequences  of  tnis  picture  Sre  as  folMwS  . 
First,  a  fraction  6f  tke  debris  is  mixed  witl  tbe  magnetic  field 
early,  and  p-rays  born  in  tbe  sbeil  can  escape  immediately  (p-rays 
boCTi  in  tbe  bubble  are  trapped)',  secondly,  tbe  radius  of  tbe  §  frays 
aurora  will  be  exactly  eqaal  to  tbe  radius  of  tbe  debris,  since  tbe 
magnetic  field  is  undisturbed  Outside  tbe  debris-. 

Ibe  fraction  of  tbe  debris  idxed  witb  tbe  magnetic  field  is 
determined  by  tbe  ratio  of  tbe  radii  and  R»  R^^  is  determined 
by  tbe  requirement  of  neutrality^  Let  tbe  total  number  of  debris 
ions  (and  of  electrons  )  be  N^.  tben  Eq.  (1),  applied  to  tbe  region 
inside  becomes 
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(  Iti  tiiig  analysis  ve  bave  assumed  tlat  ths  debris  density  and  the 
air  density  are  uniforMi )  jhe  fraction  of  the  debris  mixed  with 
the  ma^pietic  field  is 


F.M.  =  1 


a'  h 
#>■  - 


(5) 


Since  R  is  froportional  to  the  timej,  it  is  clear  that  FbMa>  and  the 
total  intensity  of  the  p-ray  aurora>  sure  roughly  proportional  to  the 
cube  of  the  time  at  early  times.  ($he  S^ray  decay  rate  is  assumed 
constaHt  up  to  one  second.) 

Numericelly,  let  us  take  =  lO’ ■  ions  and  n^  wiO'  ions/em<. 
IhuS;  for  small  R> 


F.M.  *  0.9i>  (6) 

ActuailyF  o  is  net  a  constant^  since  most  of  the  air  ions  are  made 
by  x-rays,  so  tU-s  result  should  not  be  t^en  too  seriously. 

Eventually,  both  debris  and  air  ions  begin  to  be  deflected  pn 
account  of  their  motion  relative  to  the  magnetic  field— that  Is, 
they  begin  to  be  stuck  in  the  magnetic  field.  Ihis  happens  to  the 
air  ions,  for  example,  when  the  magnetic  field  has  been  moved  a 
fraction  of  10  km,  the  air  ion  Larmor  radius. 

Let  us  see  whether  the  magnetic  field  can  supply  enough  stress 
to  provide  momentum  for  the  picked  up  air  ions.  Xhe  magnetic 
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pressuif^  is 

2'  2 

^  =  (i)'  /Sift  =  %  X  10  erg/cm^  (T) 

the  stress  needied  to  pick  lip  sir  iohs  is 

n  M,V^  =  |10®K2‘5  X  X  10^^) 

cl  ct 

=  lo^  erg/em^  (S) 

Glesrly  the  maghetie  pressure  Is  completely  £iiade(|uate  to  piek  up 
the  air  Ions  .  Om  the  ether  hand,  the  ions  are  clearly  'bent  fey  the 
magnetic  field,  and  we  have  a  paradex.  The  eiiptanatlon  of  the  para^ 
dox  is  as  follows:!  When  the  ions  are  deflected  sideways^  they  make 
an  eieetric  euirreat  "li,  and  the  force  x  §  is  the  force  needed  to 
pick  up  the  air  ions,  exactly  equal  fe’ut  opposite  current  is 
induced  in  the  electrons,  so  that  the  magnetic  field  sit^iy  passes 
on  the  force  to  the  electrons.  l!he  electrons  also  cannot  themsel'v^s 
supply  the  needed  stress,  feut,  after  a  small  separatioa  of  charge, 
a  radial  eieetric  field  is  set  up,  and  through  it  the  electrons 
pass  on  the  force  to  the  deferis  ions,  which  have  most  of  the 
momentum , 

Let  us  now  express  these  ideas  quantitatively.  Let  ,3  ,  g. 
fee  the  electric  currents  due  to  eleetrons,  air  ions,  and  deferis  Ions, 
respectively.  Then  the  statement  that  the  magnetic  field  supplies 
negllgifele  stresses  means  that 
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1- 


so  tMt  X  S  S3  0.  Note  also  tiiat  tMs  feqQiationi  is  consistent  with 
the  n^intsnance  of  neutrality  ^  Next,  the  statement  that  ths  electrons 
supply  negliglhle  stress  i^ans  tht  t 


J  X  S  -  e  n^  =  0^ 
e  e 


where  the  che^ge  e  is  taken  ^sitlve  and  S  is  the  eleetric  field. 
Gombiniag  (9)  and  (lo)  we  may  solve  for  1  in  ternis  of  the  ion 
currents, 


,S  .  .  i.  {J  «  3  )  ^  I 

e 


Xhe  eguatiens  of  motion  of  th^  two  ion  streams  are 


n. m  =  n^  el^  4  3*.  x  1 

&  ^  '^y  &  '  & 


dy. 

Vi  ir  ‘  “d  •*  3a  *  9 


where  m  and  ra,  eure  ion  masses,  v  and  v,  are  the  velocities, 
a  d  a  d 

Using  Eq,  (11)  to  eliminate  S,  using  E4.  (.l)>  and  the  fact  that 


d 


3  =  n  e^  ,  3^  =  n^  e  — 
a  a  c  '  ’*d  d  e 


the  equations  of  motion  hecome 


dy  n^ 

3.  -.6  Ct  ^  A 

~  (v  -  V,)'  X  B 
dt  ra  e  n  '  a  d' 
a  e 
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DlaG 
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From  t^ese  e(|uat£0ns  it  foilovs^  that  the  tetai  ion  momentum  is 
constant* 

dv'  dv 

V.  ™  a  ^  ^  d  ^  ,n 

\  “a  “3t  “d  “d  It  ■  ® 


©lis  is  consistent  with  our  neglect iiig  the  stresses  of  the  magnetic 
field  and  the  electrons^ 


E^ations 


and 


govern  the  time  development  of  the  ion 


stream  velocities  *  it  must  he  remembered  that  the  ^  in  these 


ec^ations  are  total  derivatives* 

we  shall  not  solve  these  efuations  here.  The  solution  may  he 
a  job  for  a  computing  machine.  However  it  is  nseful  to  consider 
the  motion  of  the  Outer  most  dehris  mass  point.  For  this  mass  point 


where  Is  the  initial  magnetic  field.  Iberef0re>  for  this  mass 


^^d 

dt 


since  V  has  not  yet  changed  from  zero  at  this  point.  Thus  the 
outer  most  ions  act  as  if  they  were  simply  hent  hy  the  original 
magnetic  field.  However,  they  may  "be  soon  overtaken  hy  dehris  ions 
from  hehind,  and  cease  to  he  the  outermost  dehris. 

It  is  also  instructive  to  exMine  the  solution  of  the  air  Ion 
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e^atidn  of  motion  for  snial4  times  when  v:  <<  .  In  tMs  case 

€k  CL 

r—  «  li  Integrating  Eii.  '(l4J  once,  negieeting  v  On  the  ri#t> 
e 

to  first  order  (t  is  the  time) 


et 

m  c 
a 


Putting  this  resiiLt  hack  in  Eq^  (14)  on  the  right,  onC  finds  a 
second  order  correction  to  v  , 

6k 


O'  '  m  e  ' 
a 


2 


Vi, 


Ujhis  shows  that  the  air  ions 
in  ^  Larmor  periods  of  the 
field. 


hegM  to  he  picked  up  suhstantially 
air  ions  in  the  compressed  magnetic 


